Conventional stainless steels are used in cyclic oxidation, but the high amount of Cr and mainly Ni increase the price of these alloys. The objective of the present study was to assess the cyclic oxidation resistance of FeSiCrNi and FeMnSiCrNiCe alloys in comparison to AISI 304 and AISI 310 stainless steels by evaluating the oxidation kinetics and using characterization techniques to determine the oxides formed. The alloys were melted in induction furnaces and cast in sand molds. Cyclic oxidation tests were carried out in an automated oven in cycles of one hour for heating and maintenance at high temperature (850, 950 or 1050 ºC) and 10 minutes for cooling. To characterize the oxidized layers, X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Energy Dispersive X-Ray Spectroscopy (EDS) analysis were performed. The oxidation kinetics were determined. The results showed that the studied alloys presented better results than AISI 304 at 850 ºC, but at 1050 ºC, AISI 310 presented the best results. At 950 ºC, the FeSiCrNi alloy presented layer detachment and FeMnSiCrNiCe presented a higher rate of mass variation than AISI 310, both without oxide detachment. For both alloys, formation of chromium and manganese oxides with parabolic rate of mass gain occurred.
Introduction
Due to the extensive use of metals at high temperatures in the most diverse environments (petrochemical, steels and cement manufacturing industries), one of the main aspects that must be observed and studied is the metal's oxidation processes to predict application's lifespan. The oxidation process consists of the alloy's reaction in gaseous atmospheres where an oxide layer is formed on the surface of the base metal 1 . The study of oxidation is carried out through oxidation tests in which there is a simulation of the most diverse corrosive environments and a subsequent evaluation of the mass variation per unit area in a given time interval is performed 2 . The characterization of the oxidized layers after cyclic oxidation tests is critical in understanding the behavior of the alloy and evaluating its oxidation resistance. An important parameter that is analyzed during these types of tests is the coefficient of the oxidation kinetics. This value can be expressed in a graph that relates mass gains per unit area and the number of cycles tested in each temperature. When there is no mass loss as a result of the cyclic oxidation test, it is easier to calculate the oxidation kinetics because the curve is similar to that of an isothermal test. However, when there is continuous spallation this calculation is more complex 2 . With the advancement of the industry and manufacturing processes, the use of metals at elevated temperatures has become more common. Thus, the development of materials that provide better results at higher temperatures were necessary due to the aggressive environment responsible for accelerating the process of alloy oxidation. For this reason, it was necessary to add alloying elements to iron alloys which allow a more controlled oxidation process through the formation of a protective layer on the surface of the base metal 3 . The use of certain elements may improve the properties of the alloys in regard to oxidation. Chromium is a prime example. It makes the alloy extremely resistant to corrosive environments and is used in the production of protective layers in electro deposition on metallic parts. It is also used, in the majority of times, in the manufacturing of stainless steels producing a steel that is rather superior to common steel in . Silicon is another example and is added to stainless steel alloys with the intention of aiding in the formation of the chromium oxide layer in FeCrSi alloys or as a silica former in Fe-Si alloys 4 . Nickel, even though it does not have the property of formation of an oxidized layer on the metal, also improves the properties of the alloys. It promotes the stabilization of the austenite in stainless steels, which results in a considerable increase in the mechanical properties of the alloy. A down-side, is that it accumulates in the metal/oxide interface in the poor region of the oxidize elements 3 . Manganese should be mentioned because of its affinity with oxygen, although, it is harmful to the oxidation properties due to the fact that manganese oxides gain more mass than other oxides. It is widely used because of its ability to stabilize austenite as well as costing less than nickel 5 . FeMnSiCrNi alloys are known by their shape memory effect 6 . However, some studies were dedicated to evaluating the corrosion resistance of these alloys 5, 7 . The presence of Cr and Si helps the formation of passive films in oxidizing environments 8 . Regarding oxidation at high temperatures, studies are still incipient, but Ma et al. 9 verified the quasi-isothermal oxidation resistance at 800 ºC and de Sousa Malafaia and de Oliveira 10 demonstrated anomalous behavior, where, after considerable spallation, the alloy returned to present mass gain, with a rate smaller than the initial one.
Although FeCr alloys can have improved oxidation resistance using small amounts of silicon 4 and FeSi alloys can also present better behavior at high temperatures with chromium alloying 11 , studies with higher amounts added of both elements are not known by the authors. While Fe-high chromium alloys have at least 11.5% of Cr for good corrosion resistance, in Fe-high silicon alloys, the best compositions were noticed around 15% of silicon 12 . However, one of the reasons to avoid the high use of silicon in iron based alloys is related to the embrittlement generated 13, 14 . Rare earths, like cerium and yttrium, are also used to improve oxidation resistance in Fe-based alloys [15] [16] [17] [18] . Rhys-Jones and Grabke 16 studied the oxidation of Fe-Cr alloys using either 0.0001 to 1% of Ce or CeO 2 and 10 to 20% of Cr. They observed that the increase of Ce reduced the formation time of the protective layer at the surface by decreasing the growth rates of the chromium oxides formed. Li et al. 17 , studying high temperature oxidation of a 17Cr ferritic stainless steel (low Mn-content) observed increase of chromium and decrease of manganese content in oxide layer in cerium-bearing steels. The use of different rare earth oxides in a AISI 304L austenitic stainless steel sintered also improved the oxidation resistance 18 . Therefore, the objective of the present research was to study oxidation resistance at high temperatures of FeSiCrNi and FeMnSiCrNiCe low-cost alloys (low Cr and Ni content), comparing them with conventional austenitic stainless steels and to evaluate mass variation through cyclic oxidation tests. Additionally, characterize the oxidized layers to identify which oxides were formed. Understanding the role of alloying elements in the cyclic oxidation behavior was also an objective of the present paper.
Materials and Methods

Alloys
The FeSiCrNi ferritic alloy was cast in the oxidation laboratory at the Federal University of São João Del Rei. For this process, a 5 kW induction furnace was used with a graphite crucible. AISI 1010 steel was used as the iron source and Cr, Ni and Si element sources were more than 99.3% pure. The cast alloy was subjected to a heat treatment at 800 ºC for a period of 3 hours to ensure microstructural homogeneity.
The FeMnSiCrNiCe austenitic alloy was melted in the casting laboratory of the Materials Engineering Department at the Federal University of São Carlos (DEMa/UFSCar) in an induction furnace using an alumina crucible; the casting was performed by gravity in a sand mold with resin. AISI 1010 low-carbon steel, AISI 304 type austenitic stainless steel and pure elements such as Mn, Si and Ce were used for the alloy fusion. During the melting, a thermal blanket protected the metal from oxidation and the melting surface was exposed to an argon atmosphere in order to prevent contamination.
The compositions of the alloys used in this work were determined by EDS analysis, presented in Table 1 . The FeMnSiCrNiCe alloy was proposed based on cerium's benefits in oxidation resistance for iron alloys 15, 16 . The FeSiCrNi alloy was based on the possibility of Cr and Si in amounts around 5%wt resisting to high temperature, as small amounts of one can help in the formation of a protective oxide layer for each other 4, 11 , as presented in previous studies 19 . Conventional stainless steels were used for comparison and their compositions, determined by EDS analysis, are also presented in Table 1 . All values described are in mass percentage. AISI 304 steel was tested at 850 ºC and AISI 310 steel was tested at 950 and 1050 ºC. For AISI 304 steel, nickel and silicon were below the standard recommended values, although EDS technique do not present a high accuracy. Villares Metals kindly provided the conventional stainless steels used for this study.
Preparation of samples for oxidation tests
The FeSiCrNi sample was machined to eliminate the external layers. The FeMnSiCrNiCe sample was hot rolled after casting. The samples were then cut and machined with dimensions that provided a surface area of approximately 5 cm 2 , given the cyclic oxidation test guidelines published by Nicholls and Bennett 20 . In addition, the samples were bored for placement in the oxidation furnace (2 mm diameter). In order to standardize the sample surface, preparation was done using silicon carbide sand paper up to the particle size of #600. After that, the samples were cleaned by ultrasound using isopropyl alcohol as a cleaning fluid for 2 minutes and were then dried with hot air.
Oxidation tests and characterization of cyclically oxidized layers
The automated furnace used moved itself to expose the samples to high temperature or calm air in cycles. The heat cycle was set for one hour of oven in the high position, with sample exposure to the test air temperature (850, 950 and 1050 ºC), then ten minutes of furnace in the low position for exposure to room temperature air to promote natural cooling. Random intervals were selected for removing the test samples from the furnace for weighing. The samples were tested at temperatures of 850 ºC, 950 ºC and 1050 ºC. As reference materials, AISI 304 stainless steel was used for 850 ºC tests and AISI 310 for 950 and 1050 ºC tests.
The characterization of the oxidized layers was performed through Scanning Electron Microscopy (SEM) with a scan voltage of 15 kV, X-Ray Diffraction (XRD) with a Cu K-alpha radiation and Energy Dispersive X-Ray Spectroscopy (EDS). Samples for the SEM analyses were cut crosswise, inlayed in bakelite resin, sanded until sandpaper #1200 and then polished using an alumina solution.
Results and Discussions
Oxidation tests
After the oxidation tests, graphs and tables were developed relating the mass variations of the samples divided by their respective surface areas versus the number of cycles to which they were subjected at the temperatures of 850, 950 and 1050 ºC (Figures 1, 2 and 3) .
At 850 ºC, as can be seen in Figure 1 , the lowest rates of mass gain during the first cycles were of the AISI304 steel and the FeSiCrNi alloy. However, around the 150 th cycle, the stainless steel began to suffer spallation. Austenitic steels tend to present oxide detachment more than ferritic ones because they have a coefficient of thermal expansion much higher than that of the oxides, generating higher stress at their interfaces 21 . The small mass gain observed for FeSiCrNi alloy indicates that the small chromium amount was compensated by silicon addition. Huntz et al. 4 achieved similar behavior adding 2 wt% Si in iron-9%Cr steels. The mechanism observed for them was the formation of a silica layer, reducing oxygen activity and allowing formation of a chromia layer above, without iron oxide formation. The FeMnSiCrNiCe alloy presented higher rate of mass gain compared to the other samples. After approximately 70 cycles, the alloy started to suffer spallation, but at a smaller rate compared to the AISI 304 steel. In a previous study 10 , anomalous behavior in a FeMnSiCrNi alloy was noticed: new mass gain after spallation at 800 and 900 ºC (with a lower rate than initial mass gain), which help to understand the decrease in mass loss rate after 200 cycles in the present study. As reported by Ma et al. 9 , the high mass gains in the first cycles in which the alloys presented mass gains ten times higher than AISI steel 304 at 800 ºC, can be attributed to the presence of manganese.
At 950 ºC, as conveyed in Figure 2 , stainless steel was the material that presented the best behavior and the FeMnSiCrNiCe alloy did not present spallation during the 76 cycles tested. As in 850 ºC, it was noticed that the presence of Mn in the alloy generated mass gain faster than in the FeSiCrNi alloy. However, at around 70 cycles, the FeSiCrNi alloy presented a mass loss that can be explained by the low silicon and chromium contents, which may not have been sufficient to form a protective layer in this composition. This may have induced early formation of iron oxide that may have been responsible for early spallation.
At 1050 ºC (Figure 3 ), AISI 310 stainless steel was the sample that presented the best result, with a small mass gain and without spallation that can be explained by the high amount of chromium in the steel composition. Oppositely, the FeMnSiCrNiCe and FeSiCrNi alloys presented mass losses shortly after the 20 th cycle. It may be suggested that the formed oxides were not able to protect the material and generated continuous spallation, but at a lower mass loss rate to FeMnSiCrNiCe than the FeSiCrNi alloy. Figure 4 shows the SEM of the cross sections of FeSiCrNi alloy samples at the temperatures of 850, 950 and 1050 ºC and the EDS analyses for the same alloys. X-ray diffraction analyses were also performed on the FeSiCrNi samples cyclically tested at 850, 950 and 1050 ºC and their results are shown in Figure 5 .
Characterization of cyclically oxidized layers -SEM, EDS and XRD
FeSiCrNi
At 850 and 950 ºC (Figure 4 ), a magnification of 200x was used and for the temperature of 1050 ºC a magnification of 30x was used in which it was already possible to identify the oxidized layer in SEM. The high thickness showed at 1050 ºC is a consequence of continuous spallation that caused breakaway oxidation, mass loss and iron oxides formation. The horizontal cracks observed in Figure 4 (FeSiCrNi -1050 ºC) show the brittleness of oxide/oxide interfaces, suggesting mass loss by oxide layer delamination.
Safikhani et al.
22 observed similar delamination behavior in ferritic stainless steel occurring between internal Cr 2 O 3 and external Mn/Cr spinel and TiO 2 .
For the FeSiCrNi alloy oxidized at 850, 950 and 1050 ºC, the EDS analysis allowed the identification of Fe, Cr and Mn elements present in the oxide layer and at the metal/ oxide interface. It is important to mention the presence of alloying elements in the samples analyzed. The existence of Cr in the oxidized layer of each temperature was observed. High concentrations of Fe in the oxidized layer were also detected (for 1050 ºC), meaning there was iron oxide present in the oxidized layer. The other elements found in the layer, chromium and manganese, are common in Fe-Cr alloys 23 . The manganese found in the FeSiCrNi alloy probably came from the steel 1010, which was used as an iron balance during the alloy melting process.
XRD results ( Figure 5 ) presents that the oxides formed were rich in Cr and Mn. They were identified as MnCr 2 O 4 and Mn 2 O 3 at 850 ºC and MnCr 2 O 4 at 950 ºC. Additionally, at 950 ºC, due to the oxide thickness and the oxide spallation, ferrite peaks (α-Fe) were identified in the diffractogram from the alloy's ferritic matrix. At 1050 ºC, Fe 2 O 3 and Fe 3 O 4 oxides were found, suggesting that the chromium was not sufficient in ensuring layer protection on the surface alloy. An Fe-17Cr alloy with small amounts of Mn was observed by Hua et al. 23 . They reported MnCr 2 O 4 formation for alloys with at least 0.5 wt% of Mn and Mn 2 O 3 for an alloy with at least 2.0 wt% of Mn. They observed also that oxidation rate and manganese content are correlated. As the manganese content was increased, the oxidation rate also increased. On the other hand, for high temperatures (1050 to 1250 ºC) a cobalt based alloy with manganese additions (0.5 to 2 wt%) presented better behavior (less mass gain), due to the higher stability of MnCr 2 O 4 than Cr 2 O 3 in this conditions 24 . Figure 6 shows the cross-section of FeMnSiCrNiCe alloy samples, oxidized at 850, 950 and 1050 ºC and their EDS maps. In all samples, it was possible to identify and visualize the oxidized layer with a 200x magnification. It is possible to see in these pictures that the oxidized layer is thicker than the one presented by the FeSiCrNi alloy ( Figure  4 -for 850 and 950 ºC) and the cause of this mass gain is the Mn content of the alloy composition. Although the EDS results show a presence of chromium at metal-oxide interface, the identification of just these Mn-rich oxides can be explained by the oxide layer thickness, as mentioned by Ma et al. 9 . Furthermore, in their research with FeMnSiCrNi alloys, Ma et al. 9 found three manganese rich oxides in the oxidized layer after 100 hours of exposure at 800 ºC: Mn 2 alloy oxidized at 800 ºC. Finally, they also proposed the possibility of silica formation by Thermocalc, but did not observe this oxide, which normally forms at metal-oxide interface in nanometric scale. Figures 8 and 9 illustrate the adjustments made to find the values of parabolic mass gain coefficient k p for the FeSiCrNi and FeMnSiCrNiCe alloys; Figures 8 and 9 , respectively. In both cases, the points found before the start of detachment were used. The points when spallation started are not shown in the graphic. The results obtained suggest that there is a mass variation trend with a parabolic rate for both alloys and all temperatures tested. Table 2 shows the values found for k p (mass gain coefficient), at the test temperatures for all the alloys tested. It should also be mentioned that the value found for FeSiCrNi alloy was lower than the result obtained for AISI 304 steel at a temperature of 850 ºC. 25 found higher values than those presented in this study for Fe-9Cr-1Mn and Fe-9Cr-2Mn alloys isothermally oxidized at the temperature of 818 ºC in an Ar-20CO 2 (volume) mixture with a linear flow of 2 cm/s and a pressure of 1 atm. The atmosphere used was different from that used in this research and this fact suggests that the mass gain coefficient to be higher because of its more aggressive atmosphere.
FeMnSiCrNiCe
Oxidation kinetics
The chromium content used by Huntz et al. 4 in the above cited research was larger than the content used in the present study. Hence, the formed layer provided a better protection and lower mass gain coefficients for the alloys than the results obtained in this research. A greater amount of Cr ensures the formation of a protective oxide on the surface of the alloy and considerably reduces mass gain. The study of Nguyen et al. 25 also contained a higher chromium content, however, the atmosphere used was more aggressive and such condition may have accelerated the oxidation process by increasing the mass gain coefficients of the alloys.
The FeMnSiCrNiCe alloy also showed k p values within the range found by de Sousa Malafaia and de Oliveira 10 for an alloy with a composition similar to that tested in this study (Fe-17Mn-5Si-10Cr-4Ni-0.59V-0.14C). In their study, the values of k p were between 9.95x10 -10 and 6.76x10 .s, at temperatures of 800, 900 and 1000 ºC. Ma et al. 9 found that an Fe-14.3Mn-5.6Si-8.2Cr-5Ni alloy at a temperature of 800 ºC and using isothermal tests for evaluation had a k p value approximately of 2.55x10 -9 kg 2 /m 4 .s, which is a higher value than the one obtained to 850 ºC in the present study (1.65x10 -9 kg 2 /m 4 .s). There are some explanations for the variation of these values. The first are the different compositions applied in the various studies. In the Ma et al. 9 study, the chromium content used was lower than that applied in this study and previous studies, which indicate a greater stabilization of the oxidized layer through the higher amount of chromium. The second rationale is the way the test was performed in Ma et al. 9 because of the more aggressive stresses generated to the tested material by the cyclic process.
The cerium used in the alloy also probably helped to decrease the k p values. Considering E a and k 0 values calculated by de Sousa Malafaia and de Oliveira 10 for an FeMnSiCrNi alloy without cerium, the value of k p to 950 ºC would be 4.6x10 -9 kg 2 /m 4 .s, higher than observed here (kp = 3.48x10 -9 kg 2 /m 4 .s for 950 ºC). Disregarding other composition differences, the cerium addition is related to some phenomena that can corroborate to this low value of k p . The first is the grain refinement, which helps the chromium diffusivity and enhances the enrichment of this element in oxide layer 17 . Secondly, in cerium presence, the oxidation mechanism can change, decreasing cation diffusivity across oxide layer, and promoting oxide layer increase only by anion diffusion 26 , also observed to other rare earths additions 18 . Finally, as Mn oxides and Cr-Mn spinel are p-type semiconductor 9, 27 and as the Mn and Cr assume Mn +3 , Mn +2 and Cr +3 valences 28 , the addition of cerium, presenting Ce +4 valence, according to Wagner-Hauffe rules should increase the oxidation rate 29 . On the other hand, some spinels can change to a n-type conductor behavior when doped of other specimens, as the case of Mg 1, 5 27, 30 . Rare earth and NiO additions in Cr 2 O 3 forming steel also changed the conduction of this oxide from p-type to n-type in low oxygen pressures, reducing the mass gain during high temperature oxidation 31 . Thus, if this effect occurred in the present study, the valence of Ce +4 could contribute to reduce the mass gain, considering the Wagner-Hauffe rules. However, some authors demonstrated that these rules present some inaccuracies and consider that for complex systems, other effects as ions solubility and defects in the oxide layer should be considered 29, 32 . The activation energy was also calculated for the two tested alloy compositions. The calculated value for the FeSiCrNi alloy was 243 KJ/mol. This value is close to that found by Baleix et al. 21 for austenitic stainless steels of FeCrNi, in which 247 KJ/mol was found for Cr 2 O 3 formation. For the FeMnSiCrNiCe alloy, the value found was 133.8 KJ/mol. This value is higher than that found by de Sousa Malafaia and De Oliveira 10 for an Fe-17Mn-5Si-10Cr-4Ni-0.59V-0.14C alloy (109.0 KJ/mol). This activation energy is explained most likely by the composition of the studied alloy, which contained cerium and a lower amount of manganese. Therefore, it can be said that a greater amount of energy is required for the activation of the oxidation process.
Conclusions
This research demonstrated that the best results obtained for the oxidation tests were with an FeSiCrNi alloy at a temperature of 850 ºC and AISI 310 steel at temperatures of 950 and 1050 ºC. The FeSiCrNi alloy formed Mn/Cr protective oxide as observed in the diffractogram of the alloy, but due to the low content of silicon and chromium in the alloy, the grown of new protective layer was not possible after some spallation at 950 and 1050 ºC. At the highest temperature, the spallation allowed the formation of iron oxides that may have contributed to high mass loss. For the FeMnSiCrNiCe alloy, manganese oxides were present in all the temperatures tested. As expected, it was the alloy that had the highest mass gain, which can be explained by the Mn preferential oxidation. At the temperatures of 850 and 950 ºC, the FeMnSiCrNiCe alloy showed good behavior but at 1050 ºC, it suffered rapid spallation. Despite some spallation in high temperatures, the amount of silicon at FeSiCrNi alloy was enough to provided a small value of k p , showing the potential of this alloy for temperatures around 850 ºC. Considering FeMnSiCrNiCe alloy, the k p values were smaller than those already published, showing the effect of cerium in decrease the oxidation rate of FeMnSiCrNi shape memory alloys.
